C1q, the recognition component of the classical complement activation pathway, is a multifunctional protein known to be expressed in brain of Alzheimer's disease (AD) patients. To experimentally address the role of C1q in AD, a mouse model lacking C1q (APPQϪ/Ϫ) was generated by crossing Tg2576 animals (APP) with C1q-deficient mice. The pathology of APPQϪ/Ϫ was compared with that of APP mice and B6SJL controls at 3-16 months of age by immunohistochemistry and Western blot analysis. At younger ages (3-6 months), when no plaque pathology was present, no significant differences were seen in any of the neuronal or glial markers tested. At older ages (9 -16 months), the APP and APPQϪ/Ϫ mice developed comparable total amyloid and fibrillar ␤-amyloid in frontal cortex and hippocampus; however, the level of activated glia surrounding the plaques was significantly lower in the APPQϪ/Ϫ mice at 12 and 16 months. In addition, although Tg2576 mice showed a progressive decrease in synaptophysin and MAP2 in the CA3 area of hippocampus compared with control B6SJL at 9, 12, and 16 months, the APPQϪ/Ϫ mice had significantly less of a decrease in these markers at 12 and 16 months. In a second murine model for AD containing transgenes for both APP and mutant presenilin 1 (APP/PS1), a similar reduction of pathology was seen in the APPPS1QϪ/Ϫ mice. These data suggest that at ages when the fibrillar plaque pathology is present, C1q exerts a detrimental effect on neuronal integrity, most likely through the activation of the classical complement cascade and the enhancement of inflammation.
Introduction
Alzheimer's disease (AD) is a neurodegenerative dementia of the elderly that is characterized by progressive cognitive decline and a typical neuropathology that includes neuronal loss, neurofibrillary tangles, and the accumulation of fibrillar ␤ amyloid (fA␤) in extracellular senile plaques (Selkoe and Schenk, 2003) . The presence of reactive microglia, astrocytes, and several complement factors associated with the fibrillar A␤ plaques suggests the development of a local and chronic inflammatory response within the plaque area and is consistent with the hypothesis that complement activation contributes to this inflammatory process Akiyama et al., 2000) .
In vitro, C1q, the first component of the classical complement pathway (CCP), binds to fibrillar A␤ and activates complement (Rogers et al., 1992; Jiang et al., 1994) . In AD brain, C1q has been shown to be associated with fibrillar A␤ plaques and activated glia (Afagh et al., 1996) . Other complement proteins were also detected in the plaque area, and their synthesis has been shown to occur within the AD brain (Johnson et al., 1992; Shen et al., 1997) Previously published evidence suggests that complement activation occurs in vivo and through the recruitment of activated glia (Yao et al., 1990; O'Barr and Cooper, 2000) can initiate an inflammatory reaction near the plaque that could lead to enhanced neurodegeneration (Benveniste et al., 2001; Tenner and Webster, 2001) .
Recent work using transgenic models, however, indicates that some of the complement factors (C3 and C5) can decrease the neuropathology (Pasinetti et al., 1996; , suggesting that complement could also be neuroprotective (Tenner, 2001; Wyss-Coray and Mucke, 2002) . Because C1q has been shown to enhance phagocytosis and bind to apoptotic cells and cellular debris (Korb and Ahearn, 1997; Webster et al., 2000) , it could facilitate the rapid removal of damaged cells in the initial stages of CNS injury. Thus, C1q, because of its diverse functional capabilities, could play a dual role in the neuropathology of AD.
Several mouse models that mimic some of the neuropathological and behavioral features of AD have been developed (Games et al., 1995; Hsiao et al., 1996; Sturchler-Pierrat et al., 1997; Ashe, 2001; Chishti et al., 2001) . Tg (HuAPP605.K670N-M671L)2576 displays age-dependent increases in A␤ plaques, activated microglia, and astrocytes and dystrophic neurites (Hsiao et al., 1996; Frautschy et al., 1998) . Double transgenic mice, APPPS1 [cross of Tg2576 and mutant PS1 (M146L)], develop larger numbers of fibrillar A␤ deposits earlier than Tg 2576 (Holcomb et al., 1998) and show activated glia and complement factors associated with the plaque (Matsuoka et al., 2001 ).
To test the in vivo role of C1q in AD neuropathology, we have generated two mouse models (APPQϪ/Ϫ and APPPS1QϪ/Ϫ) by crossing Tg2576 (Hsiao et al., 1996) and the APPPS1 (Holcomb et al., 1998) with C1q knock-out mice (C1qϪ/Ϫ) (Botto et al., 1998) . The resulting mice have characteristic amyloid pathology but lack CCP activation. Several markers of pathology in these mice were compared with CCP-sufficient APP and APPPS1 mice at different ages. The results presented here give evidence for a detrimental role of C1q at older ages in both of the AD mouse models.
Materials and Methods
Transgenic mice. Transgenic mice expressing human APP695 containing the double mutation Lys670-Asn, Met 671 Leu (Swedish mutation) inserted into hamster prion protein on C57BL/6 genetic background (Tg2576 from K. Hsiao, Mayo Clinic, Rochester, MN) (Hsiao et al., 1996) were maintained by backcrossing to B6/SJL (The Jackson Laboratory, Bar Harbor, ME). These animals were crossed with C1q knock-out mice (C1qaϪ/Ϫ) backcrossed onto C57BL/6 (Botto et al., 1998) , and the APPQϩ/Ϫ mice generated were crossed again with C1qϪ/Ϫ to obtain APPQϪ/Ϫ genotype. Nontransgenic littermates, B6/SJL, and C1qϪ/Ϫ animals were used as controls.
APPPSQϪ/Ϫ animals were obtained by crossing Tg2576 APP or PS1 (line 6.2 on a SW/B6D2F1/J background from University of South Florida) (Holcomb et al., 1998) with C1qϪ/Ϫ. APPQϩ/Ϫ or APPQϪ/Ϫ and/or PSQϪ/Ϫ mice were intercrossed until APPPSQϩ/ϩ, APPPSQϩ/Ϫ, and APPPSQϪ/Ϫ were generated. Some APPPSQϩ/ϩ brain tissue was obtained from Dr. K. Duff (New York University, New York, NY). (All genotypes were confirmed by PCR.)
Tissue preparation. Animals (APPQϩ/ϩ, APPQϪ/Ϫ, APPPSQϩ/ϩ, APPPSQϩ/Ϫ, APPPSQϪ/Ϫ, B6SJL, and QϪ/Ϫ) at different ages (3, 6, 9, 12, 16 months) were anesthetized with sodium pentobarbital (50 mg/ l) and perfused first with PBS and then with 4% paraformaldehyde in PBS. Some animals were perfused only with PBS; after dissection one half of the brain was immediately frozen on dry ice (used for Western blots), and the other half was fixed overnight with 4% paraformaldehyde (for immunohistochemistry). Thereafter, fixed tissue was stored in PBS/0.02% Na azide at 4°C until use.
Immunohistochemistry and image analysis. Immunohistochemical procedures were performed using coronal sections (40 m) cut with a vibratome. Tissue was pretreated with 3% H 2 O 2 /10% methanol/TBS (0.1 M Tris, 0.85% NaCl, pH 7.5-7.6) for 20 min at room temperature for endoperoxidase blocking, when HRP was to be used for detection. Tissue was then blocked with 2% BSA/0.1% Triton TBS for 1 hr at room temperature. Primary and secondary antibodies were diluted in the same blocking solution.
A␤ was detected with 4G8 or 6E10 antibodies (1 g/ml) (Senetek, Maryland Heights, MO). Fibrillar A␤ was determined by colocalization with 1% thioflavine as described previously (Fonseca et al., 1999) . Astrocytes were labeled with GFAP antibodies (Dako, High Wycombe, UK; 4 g/ml). Microglia were stained with anti-MAC-1 antibodies (Serotec, Raleigh, NC; 10 g/ml). Some experiments were performed with F4/80 (Serotec; 20 g/ml), anti-I-A/I-E (PharMingen, San Diego, CA; 5 g/ ml), phosphotyrosine (clone PT-66) (Sigma, St. Louis, MO; 10 g/ml), and anti-CD45 (Serotec; 2 g/ml) antibodies. For neurons, antibodies against three markers were used: presynaptic terminals were labeled with anti-synaptophysin (SYN) (Chemicon, Temecula, CA; 3 g/ml), neuronal cell bodies and dendrites were labeled with anti MAP-2 (Sigma; 7 g/ml), and neuronal nuclei were labeled with neuronal-specific nuclear protein (NeuN) (Chemicon; 1 g/ml).
C1q was immunolabeled with goat anti-mouse C1q (gift from Dr. F. Petry, Johannes Gutenberg University, Mainz, Germany) at 16 g/ml.
In general, primary antibody incubation was overnight at 4°C (with the exception of MAC-1, which required overnight incubation at room temperature). Primary antibodies were developed with biotinylated secondary antibodies against the corresponding species (1 hr at room temperature) followed by Cy3-or FITC-streptavidin (Jackson ImmunoResearch, West Grove, PA; 1:200 dilution, 1 hr at room temperature) or ABC and DAB (Vector Laboratories, Burlingame, CA) used following the manufacturer's instructions for peroxidase labeling.
Immunostaining was observed under a Zeiss Axiovert-200 inverted microscope (Carl Zeiss, Thornwood, NY), and images were acquired with a Zeiss Axiocam high-resolution digital color camera (1300 ϫ 1030 pixel) using Axiovision 3.1 software. Digital images were analyzed using KS300 software (Carl Zeiss). Images were segmented on a gray scale conversion of individual RGB channels for fluorescence and all of the three channels for bright-field. The percentage of immunopositive area (immunopositive area/total image area ϫ 100) was determined for all of the markers studied by averaging several images per section that covered most to all the region of study. Total (A␤) and fibrillar (thioflavine) plaque area as well as glia area (GFAP, MAC-1) surrounding the plaque (identified by colocalization with thioflavine) were quantified in cortex and hippocampus. SYN was quantified in the CA3a and CA3c fields of hippocampus (stratum lucidum), and MAP-2 was quantified in the CA3c field (pyramidal cell layer). Nuclei were counted on images of CA3c field (pyramidal cell layer) acquired by confocal microscopy (Bio-Rad, Hercules, CA) (Z ϭ 4 m) and analyzed using KS 300 software. Several optical sections (four to eight) per animal per experiment were averaged to estimate the number of nuclei.
All quantitative comparisons for a given marker were performed on sections stained simultaneously per group age. Digital images were obtained using the same settings, and the segmentation parameters were constant within a range per given marker and experiment. The average of the field area percentage obtained per animal per experiment was normalized to a value of a reference animal included in each experiment to average individual animal values from two to three experiments. The mean values of the animals were averaged per genotype and presented as a bar graph. Single ANOVA statistical analysis was used to assess the differences in plaque area, glial reactivity, and neuronal integrity among the animals groups (B6/SJL, APPQϩ/ϩ, and APPQϪ/Ϫ).
Western blot. Tissue was homogenized in TBS (20 mM Tris-HCl buffer, pH 7.4, 150 mM NaCl) (0.150 gm tissue/2 ml buffer) containing a mixture of protease inhibitors, including 0.5 mM phenylmethylsulfonyl fluoride, 20 g/ml aprotinin, 20 g/ml leupeptin, 20 g/ml pepstatin, and 1 mM EDTA (all inhibitors obtained from Sigma). Homogenates were sonicated briefly and centrifuged at 15,000 ϫ g for 30 min. Supernatants were used for the study of complement factors (data not shown). Pellets were extracted with 2% SDS in TBS with protease inhibitors (same as above) sonicated briefly and centrifuged at 15,000 ϫ g for 30 min. Protein concentration in the supernatants was determined with the BCA protein assay (Pierce, Rockford, IL). SDS supernatants (10 g of protein per lane) were run on 10% SDS polyacrylamide gel under nonreducing and reducing conditions. Proteins were transferred to polyvinylidene difluoride (Amersham Biosciences, Piscataway, NJ) membrane (300 mA for 2 hr). Membrane was blocked with 3% dry milk in 0.1% Tween/TBS for 1 hr and then incubated for 2 hr at room temperature with GFAP antibody at 4 g/ml. After washing, blots were incubated with the corresponding HRP-labeled secondary antibodies (1:2000 dilution) for 1 hr. Labeling was detected using the ECL system (Amersham Biosciences). Blots were stripped following manufacturer's instructions (Amersham Biosciences) and subsequently labeled with actin antibody (1:10,000; Sigma) following the same procedures as above. Bands were analyzed using densitometric software (Scion Image), and the GFAP densitometric units were expressed relative to the units of the wild-type control mice. Data were analyzed using single ANOVA statistics.
Results
C1q immunoreactivity is detected in association with plaques in APP mice in an age-dependent manner C1q is associated with thioflavine-positive plaques in AD brains (Afagh et al., 1996) as well as in transgenic mouse models of AD (Matsuoka et al., 2001 ). C1q immunostaining was used to corroborate the deposition of C1q in the APP Tg2576 animals used in this study. C1q is rarely present in the brains of APP mice at ages in which there are very few or no plaques (Fig. 1 A) . At 12 months, however, as fibrillar A␤ plaques begin to accumulate, C1q is seen associated with those plaques (Fig. 1 B) , and this deposition significantly increases at 16 months ( Fig. 1C ) and 22 months (data not shown). No C1q is seen in the APPQϪ/Ϫ model ( Fig. 1 D) , verifying the C1qϪ/Ϫ genotype obtained by PCR and confirming the specificity of the C1q immunostaining. Nontransgenic animals did not show any C1q staining in brain at any age studied (data not shown).
A␤ plaques accumulate at comparable levels in APP and APPQ؊/؊ mice C1q has been shown to bind to fA␤, enhance amyloid fibrillogenesis (Webster et al., 1994 (Webster et al., , 1995 Boyett et al., 2003) , and block fibrillar amyloid uptake by microglia (Brazil et al., 2000; Webster et al., 2000) . These in vitro observations led to the hypothesis that C1q could influence A␤ deposition. To test this possibility, the amount of fibrillar A␤ plaque area in brain sections from APP and APPQϪ/Ϫ mice at 3-16 months of age was assessed by image analysis of thioflavine staining and total A␤ deposition. In the APP model, thioflavine staining was present at 12 months ( Fig.  2C) and increased further at 16 months ( Fig. 2 A, C) and 20 months (data not shown) in both APP and APPQϪ/Ϫ mice. In APPPS and APPSQϩ/Ϫ mice the level of fA␤ accumulation was higher at earlier ages than in the APP mice, as expected ( Fig.  2 B , C, and data not shown) because of the presence of mutant presenilin; however, no differences in plaque area were seen between the APP and APPQϪ/Ϫ mice (Fig 2 A) or in the higher pathology model, APPPS and APPPSQϪ/Ϫ (Fig. 2 B) , in cortex or hippocampus at any age studied (Fig. 2C ). In addition, the lack of C1q did not alter the time course of total A␤ deposition, because no differences in total A␤ reactivity were seen between the APP and APPQϪ/Ϫ or the APPPS and APPPSQϪ/Ϫ mice at any age (3-20 months), as assessed by monoclonal anti-A␤ 4G8 or 6E10 (Fig. 2C ) (data not shown).
Less glial activation is seen in the proximity of fibrillar plaques in APPQ؊/؊ mice
In AD and transgenic models of AD, plaques containing fibrillar amyloid peptide are seen infiltrated with activated astrocytes and microglia (Itagaki et al., 1989; Frautschy et al., 1998; Stalder et al., 1999; Bornemann et al., 2001; Matsuoka et al., 2001) , which are characteristic components of an inflammatory process that develops around injury in brain (McGeer and McGeer, 1999) . Activation of the classical complement pathway by binding of C1q to fibrillar A␤ can result in generation of chemotactic molecules that would recruit astrocytes and microglia to the area of the plaque (Yao et al., 1990; Gasque et al., 1997; O'Barr and Cooper, 2000) . To assess the role of C1q and the classical complement pathway in this glial response, we compared astrocytic and microglial reactivity in APP and APPQϪ/Ϫ mice.
GFAP immunostaining of APP and APPQϪ/Ϫ mice at 9 months, when very few plaques are seen, is similar between groups (Fig. 3A) ; however, although higher and comparable plaque density develops in both groups with age, the APP mice show a significantly elevated astrocytic reactivity at 12 and 16 months in the area surrounding the plaque, as compared with the APPQϪ/Ϫ mice (Fig. 3A) . Image analysis of the GFAP immunostaining (Fig. 3B) shows that there is 50 -60% less astrocytic reactivity in the APPQϪ/Ϫ mice relative to the APP group. Densitometric analysis of immunoblots for GFAP in brain tissue lysates from nontransgenic littermates, APP, and APPQϪ/Ϫ mice verified the upregulation of GFAP protein in APP mice compared with nontransgenic littermates at 16 months (Fig. 3C,D) . In agreement with the immunohistochemical analysis, the APPQϪ/Ϫ group had GFAP levels that were significantly less than those of APP, indicating that the upregulation of GFAP is reduced in the APPQϪ/Ϫ mice at the ages in which the number and size of plaques increase. At 3 and 6 months of age, at which time no A␤ deposition was detected, no significant differences in GFAP immunoreactivity were detected in either cortex or hippocampus in the APP and APPQϪ/Ϫ animals relative to nontransgenic controls when quantified similarly by image analysis (data not shown; n ϭ 3 per age, per genotype).
Absence of C1q was also accompanied by a significantly lower level of microglial activation surrounding the fibrillar A␤ deposits. That is, less MAC-1 (CR3 receptor) immunoreactivity is observed in APPPSQϪ/Ϫ and APPQϪ/Ϫ than in the corresponding C1qϩ/ϩ transgenic tissue (Fig. 4 A) . The difference between the APP and APPQϪ/Ϫ is significant only at 16 months (50% decrease), although the same trend is seen at 12 months (Fig. 4 B) . Because the staining for microglia displayed high variability among mice of the same group, these results were tested and confirmed using four other markers of microglia: F4/80 (Fig. 4C) , I-A/I-E (marker of MHCII alloantigens) (Fig. 4C) , and phosphotyrosine and CD45 (data not shown). Quantification of microglia activation in the cortex and hippocampus of animals at 3 months (n ϭ 3 per genotype) and 6 months (n ϭ 3 per genotype) and in the surroundings of incipient plaques at 9 months (using anti-MAC and phosphotyrosine staining) indicated that the reactivity was low in all animals and that there were no differences observed between groups (data not shown). Immunohistochemical analysis of GFAP and microglial markers in APPPS and APPPSQϪ/Ϫ brain tissue showed similar relationships as in the APP and APPQϪ/Ϫ (Fig. 4 A, C) (data not shown). That is, in the C1q-deficient, APP, and APPPS1 transgene-containing mice, significantly less astrocytic and microglial activation was detected than in the age-matched C1q-sufficient animals.
APPQ؊/؊ mice show less neuronal injury than APP mice
Neuronal degeneration and loss observed in AD brains (West et al., 1994 ; Gomez-Isla et al., 1996; Morrison and Hof, 1997) is hypothesized to be exacerbated by an inflammatory reaction ( McGeer and McGeer, 1999; Tenner and Webster, 2001 ). To determine whether reduced inflammation indicated by the decreased glial reactivity in APPQϪ/Ϫ would influence neuronal integrity, the levels of three neuronal markers, synaptophysin, MAP-2, and NeuN, were assessed and compared in control, APP, and APPQϪ/Ϫ mice.
SYN is a synaptic molecule present in presynaptic terminals and a robust marker for functional neurons. Interestingly, SYN measured in the CA3 field of hippocampus was dramatically decreased in APP at 12 and 16 months when compared with nontransgenic littermates (Fig. 5A ). In the APPQϪ/Ϫ, SYN reactivity was also reduced at 12 and 16 months relative to controls; however, this decrease was significantly less pronounced than in the APP mice (Fig 5A) . In fact, synaptophysin immunoreactivity in the APPQϪ/Ϫ was twofold higher than in APP mice (Fig. 5B ) (although APPQϪ/Ϫ SYN still represents 65% of the synaptophysin immunoreactivity in the nontransgenic littermates). Interestingly, at 9 months there is a similar level of decrease of SYN in both the APP and APPQϪ/Ϫ compared with the controls. This suggests that the lack of C1q decreases synaptophysin loss at later stages of the disease when the pathology and associated inflammation accelerate in the APP animals.
The levels of MAP-2 (marker for neuron dendrites and cell bodies) were also different among groups (Fig. 6 A, B) . APP mice showed a significant loss (60%) of MAP-2 reactivity in the pyramidal neurons of the CA3c area of hippocampus at 16 months compared with nontransgenic controls. The APPQϪ/Ϫ had twofold more MAP immunoreactivity than the APP (Fig. 6 A, B) , suggesting that the lack of C1q decreases the accelerated neuronal degeneration in later stages of the disease, as seen previously with synaptophysin.
Confocal images of NeuN immunostaining (marker for neuronal nuclei) in the CA3 field of hippocampus were used to count neuronal cell bodies. The number of neurons was found to be similar in control (B6/SJL), APP, and APPQϪ/Ϫ tissue at 16 months (data not shown), indicating that there is no detectable neuronal cell loss in this hippocampal area.
Discussion
A role for the complement pathway in AD neuropathology was hypothesized more than one decade ago (Eikelenboom et al., 1989) , and the results of a significant number of in vitro studies are consistent with the involvement of this pathway in AD pathogenesis (Akiyama et al., 2000) . The actual in vivo contribution to pathology and dementia, however, has not yet be ascertained. The present study uses a C1q-deficient APP transgenic model to assess classical complement pathway-mediated events. Although levels of total and fibrillar amyloid accumulated at rates comparable with the C1q-sufficient APP transgenic, the absence of C1q was accompanied by reduced levels of activated glia markers sur- 12 months ( B) . Scale bar, 100 m. C, Image analysis of A␤ (left panels) and thioflavine (right panels) staining in cortex and hippocampus performed as described in Materials and Methods. Values from multiple images of each section that cover most to all the region of study were averaged per animal per experiment. The mean value per animal (average of 2-3 experiments, total of 3-6 sections) was used to obtain the mean of the genotype. Bars represent genotype mean Ϯ SD from n mice per genotype; APP/APPQϪ/Ϫ: n ϭ 6 at 16 months and n ϭ 3 at 12 months per each genotype; APPPS/APPPSQϪ/Ϫ: n ϭ 2 at 12 months per genotype.
rounding those plaques and elevated levels of neuronal markers in the CA3 area of the hippocampus. These results are in agreement with the hypothesis that C1q triggers an inflammatory reaction in the plaque area that leads to disruption of neuronal integrity (McGeer and McGeer, 1998; Tenner and Webster, 2001) .
In AD brain, the presence of fibrillar A␤ has been correlated with an increase of activated microglia and astrocytes, colocalization of C1q and other complement activation products (Afagh et al., 1996) , and cognitive decline (Cummings et al., 1996a,b; Bartoo et al., 1997) . The association of C1q with A␤ is reproduced in the Tg 2576 (Fig. 1) and APPPS mouse models (Matsuoka et al., 2001) , in which C1q colocalizes mainly with thioflavine-positive plaques and increases with age and pathology. In addition, the Tg 2576 and APPPS models reported here and previously (Frautschy et al., 1998; Apelt and Schliebs, 2001; Matsuoka et al., 2001) , as well as other models (Stalder et al., 1999) , also show activated glia and other inflammatory factors associated mainly with thioflavine-positive plaques. The significant decrease in activated Values from multiple images of a section that cover most to all the region of study were averaged per animal per experiment The mean value per animal (average of 2-3 experiments, total of 3-6 sections) was used to obtain the mean of the genotype. Bars represent genotype mean Ϯ SD from n mice per genotype; n ϭ 6 at 16 months and n ϭ 3 at 12 months per each genotype. *p Ͻ 0.003 by single-factor ANOVA. C, Representative pictures of other microglial markers F4/80 and I-A/I/E in APPPS, APPSQϪ/Ϫ, APP, and APPQϪ/Ϫ animals also showing decreased immunoreactivity in the QϪ/Ϫ genotypes. Scale bar, 50 m. microglia and astrocytes seen in the APPQϪ/Ϫ and APPPSQϪ/Ϫ mice supports the hypothesis that complement activation, initiated by the binding of C1q to fibrillar A␤, could be a trigger for the release of complement-derived chemotactic peptides and the recruitment of activated glia to the plaques.
Although in vitro and organotypic slice culture studies clearly demonstrate ingestion of A␤ by microglia, the fact that APP and APPQϪ/Ϫ mice have similar plaque areas in the presence of different activation states of microglia near those plaques suggests that the activated microglia seen in the APP animals cannot clear fibrillar A␤ efficiently. Thus, in this model, rather than clearing A␤, microglia may be stimulated to secrete proteases, proinflammatory cytokines, and toxic radicals [such as seen in frustrated phagocytosis (Henson, 1971) ], thereby contributing to chronic inflammation and damage. In other models, however, the relationship between fibrillar A␤ and microglia appears to differ. For example, when complement C3 was inhibited in transgenic APP models, higher A␤ deposition was accompanied by less microgliosis than in APP C3-positive mice, suggesting that normally microglia are involved in the clearance of A␤ . Interestingly, decreases in fibrillar A␤ observed after antiinflammatory treatment of a transgenic model have been accompanied by decreases (Lim et al., 2000; Yan et al., 2003) or increases (Jantzen et al., 2002) of the activated microglia around the plaque. The diversity of these responses indicates the complexity of microglial responses and the multiplicity of microglia activation states, which will require further study to elucidate fully.
Decreases in activated glia in the APPQϪ/Ϫ mice were accompanied by improved neuronal integrity compared with the APP mice. Synaptophysin, a protein localized in the neuronal synaptic vesicles, was shown to be decreased in AD brains and correlated with the severity of the cognitive state (Terry et al., 1991; Masliah et al., 1994) . In transgenic APP mouse models, however, synaptophysin was either reduced or unchanged in models with different promoters and thus levels of the transgenic APP (Irizarry et al., 1997a; Hsia et al., 1999; Mucke et al., 2000) . In this study, a significant decrease in SYN was observed in the stratum lucidum of the CA3 area (where the mossy fibers from the dentate gyrus synapse with the dendrites of the pyramidal neurons). Interestingly, alterations in the distribution of mossy fibers are related to long-term plasticity (Cremer et al., 1998) and long-term memory (Ramirez-Amaya et al., 2001) . Consistent with our data, SNAP-25 (synaptosomal associated protein 25), a protein involved in vesicle exocytosis, was also strikingly reduced in the stratum lucidum of Tg2576, confirming a presynaptic loss in this model (Chauhan and Siegel, 2002) .
The results with SYN here were supported by similar observations for MAP-2 (marker for cell body and dendrites), indicating that the neuronal integrity is affected; however, no changes in NeuN were seen, demonstrating no detectable neuronal loss. Decreases in SYN and MAP-2 were also reported in another mouse model (Hsia et al., 1999) . The absence of significant neuronal loss has been shown previously in the Tg2576 (Irizarry et al., 1997a) and in other models (Irizarry et al., 1997b; Takeuchi et al., 2000) ; however, in the APP23 mice, regional-specific neuronal decrements were seen (Calhoun et al., 1998) , and discrete neuronal loss was localized to thioflavine-positive plaques in brains of APPPS1 mice (Urbanc et al., 2002) . Because the levels of SYN and MAP-2 were significantly protected in the APPQϪ/Ϫ mice only when fibrillar plaque pathology was present, it is likely that the improved retention of neuronal markers was caused by the absence of complement activation and concomitant lower inflammatory reaction seen in the APPQϪ/Ϫ mice. The fact that levels of SYN and MAP-2 in the APPQϪ/Ϫ mice were still lower than in the age-matched control B6SJL mice indicates that complement activation and its resultant inflammation are not the only cause of neuronal injury, particularly in early stages of the disease. These results then highlight the effect of C1q on the inflammatory component of the plaque pathology at later stages of the disease.
Although a detrimental role of complement in neurodegeneration is implicated in this and other studies, there is evidence for beneficial effects arising from complement activity (Tenner, 2001 ; Wyss-Coray and Mucke, 2002; van Beek et al., 2003) . Inhibition of C3 activation in a PDAPP transgenic model resulted in Mean of each animal is the average of the values from two to three experiments (total of 3-6 sections) in which most to all the region of study was analyzed in each section. Bars represent group means Ϯ SD of n mice per genotype; n ϭ 6 at 12 and 16 months (B6/SJL, n ϭ 4) and n ϭ 3 at 9 months per each genotype. *p Ͻ 0.03, **p Ͻ 0.009 (by ANOVA).
the increase of A␤ plaques and accumulation of degenerating neurons . In addition, C5-deficient mice showed enhanced neurodegeneration in response to excitotoxic stimuli (Pasinetti et al., 1996) . Furthermore, it is known that C1q enhances phagocytosis and downregulates the production of proinflammatory molecules (Tenner, 1999) . Neuronal synthesis of C1q (without the induction of other complement factors) has been seen in several injury models (Dietzschold et al., 1995; Goldsmith et al., 1997) . As a result, C1q could play a protective role in early stages of neuronal injury by mediating the rapid clearance of apoptotic cells and synaptic debris or suppressing the progression of an inflammatory state, or both. In the models described in this study, however, no differences between APP and APPQϪ/Ϫ mice were detected in glial or neuronal markers at younger ages, when there is no detectable plaque pathology. Thus, at early stages C1q either has no role or its effect is compensated by other unknown mechanisms in the APPQϪ/Ϫ mouse.
On the basis of our results, the APPQϪ/Ϫ mouse is a useful model to study the effects of complement in AD pathology and test the relevance of in vitro observations. For example, in addition to the increases in inflammatory indicators, the amount of fibrillar A␤ area in APPQϪ/Ϫ mice was found to be comparable with that in the APP mice, indicating that C1q does not have a detectable influence on A␤ deposition or fibrillogenesis in this in vivo model. Although this is in contrast to in vitro studies showing that purified C1q enhanced the kinetics of A␤ fibril formation (Webster et al., 1994) , the observations here are consistent with the known association of multiple proteins with plaques in vivo, at least some of which may modulate A␤ fibrillogenesis (Pepys et al., 2002) . Nevertheless, the model is not a perfect mimic of the human disease, with one important difference being the lack of neuronal cell death. In vitro, mouse C1 is less efficiently activated by fibrillar A␤ than is human C1, reportedly because of a difference in amino acid sequence in mouse versus human that interacts with A␤ and is involved in CCP activation (Webster et al., 1999) . In addition, some laboratory strains of mice may have lower complement lytic activity than in human (Ong and Mattes, 1989) . As a result, the effects of CCP activation in the human disease may have a greater contribution to neuropathology and neuronal cell injury than the transgenic mice models studied here, and thus inhibition of those events may result in even greater benefit in slowing the progression of pathology and cognitive dysfunction in AD.
In summary, the results presented here provide the first evidence for a detrimental role of C1q and presumably the activation of the classical complement pathway in an animal model of AD. These observations support and encourage further study of the applicability of these animal models to the human disease. Given the known sites of interaction between fibrillar A␤ and C1q (Velazquez et al., 1997) , the development of potential therapies that would block the amyloid interaction with C1q that leads to complement activation should be feasible. It will be essential, however, to maintain the capacity for beneficial activation of complement while limiting and preventing activation that is detrimental. Values from multiple images of a section that cover most to all the region of study were averaged per animal per experiment. The mean value per animal (average of 2-3 experiments, total of 3-6 sections) was used to obtain the mean of the genotype. Bars represent genotype mean Ϯ SD from n mice per genotype; n ϭ 6 at 12 and 16 months per each genotype (B6/SJL, n ϭ 4). Bars represent group means Ϯ SD of n mice per genotype. *p Ͻ 0.03 by single-factor ANOVA.
